the mutation is influenced by the sequence context of the 3Ј sequence context in duplex DNA. This conformation and adduct, with the most dramatic example being that G→T sequence were chosen because there is a structure derived mutations are induced almost exclusively in 5Ј-TG-3Ј sequence from NMR constraints for comparison. A four step procedcontexts. Adduct site-specific studies with [ϩta]-B[a]P-N 2 -dG ure is followed: the adduct is docked in canonical B-DNA, reinforced this conclusion, in that G→T mutations dominated after which the structure is subjected to an initial conjugate in a 5Ј-TGC-3Ј sequence context (11), while G→A mutations gradient minimization, followed by simulated annealing dominated in a 5Ј-CGT-3Ј sequence context (16) and a mixture and a final conjugate gradient minimization. The quality of G→T, A and C mutations were all prevalent in a 5Ј-CGGand final energy of structures is assessed as a function 3Ј sequence context (12). Other results also reinforce these of changes in six parameters, including the length of the observations (10).
practical standpoint this is not possible with present day computers. Nevertheless, simulated annealing significantly enhances the probability of finding better minima.
Within the general category of approaches referred to as 'simulated annealing', there are a variety of algorithms that have been used. Two common types of simulated annealing employ either molecular dynamics to explore conformational space, which was used herein, or the classic Monte Carlo sampling procedure as in the seminal paper (34). [Other variations are also possible (37) .] With Monte Carlo sampling, a random change is made to the system to generate a new conformation. If this conformation is lower in energy, it is to the Metropolis criterion (38), which becomes more stringent as the annealing proceeds. The parameter controlling the acceptance of a new conformation is referred to as the finding is that two or more conformations can be of such similar energy, e.g. a minor species at the 10-20% level temperature, even though it has no physical meaning. When using molecular dynamics to implement the simulated actually has an energy only~1 kcal/mol higher than the dominant conformation. In one remarkable example, a 2-annealing algorithm, one takes advantage of the fact that the system of interest can be artificially coupled to a heat bath, aminofluoreneϪguanine (2-AF-C8-Gua) adduct showed two dramatically different conformations, one with the 2-AF moiety which has the effect of determining the amount by which the potential energy of the system can change. This approach in the major groove and the other a base displaced structure, with virtually identical energies (27) .
allows the system to explore conformational space at the higher temperatures and then settle into a reasonable local The fact that adducts show conformational heterogeneity is likely to be important if our model that adduct conformational minimum conformation as the temperature is reduced. This method is particularly convenient to carry out for macrocomplexity causes adduct mutational complexity is correct, but, inevitably, this complexity makes it difficult to probe the molecules using standard molecular modeling software and is widely used in the refinement of experimental structural data. mutational mechanism experimentally. For example, a species at the~10% level could potentially be very important to Herein, we devote careful attention to the performance of the simulated annealing algorithm with respect to the details mutagenesis, but it might be difficult to study using physical techniques, such as NMR. One alternative means of of the simulation, such as the cooling time and initial temperature. A number of reasonable local minima structures are approaching this problem is by molecular modeling/computational chemistry, whereby an empirical energy function is obtained when beginning from a single initial conformation depending on how the annealing is done. In fact, this is a employed and the biologically relevant molecular conformations are probed by optimizing this function, or minimizing desirable feature of the system, since the conformational complexity hypothesis of mutation supposes that several the energy, with respect to the atomic coordinates (28-33). Such a procedure has been extensively applied to the case of molecular conformations of a carcinogen adduct may be biologically important. (39) . The force field parameters for the B[a]P moiety were optimized to the which has been under-utilized in the study of carcinogenϪDNA crystal structure for the appropriate B[a]P tetraol (40) and partial atomic charges were assigned to be consistent with analagous atoms in the CHARMm structure (although see 36). In this first report we describe our force field. The parameterization of the energy function for describing DNA work on this adduct in a sequence context (5Ј-CGC-3Ј) that is a slightly modified version of the one developed by Nilsson and Karplus is the same as that used in an NMR study (21), which allows and contains explicit hydrogen bonding terms (41). The full parameter set is us to assess to some extent the validity of the approach. available upon request. Long-range forces are truncated by a switching Ultimately, the goal is to use the experience gained in this function centered at 10.5 Å with a width of 1.0 Å. Electrostatic interactions are modified by a dielectric constant ε ϭ R, where R is the interatomic study to undertake an investigation of [ϩta]-B[a]P-N 2 -dG in distance. The charges on the phosphate groups were reduced (Ϫ0.32) in a variety of other sequence contexts and conformations. In accordance with the original force field to simulate the effects of counter ions, this way we hope to connect particular adduct conformations as fully charged phosphates may result in helix instability (41). We have also with specific mutagenic outcomes. considered uncharged phosphates in an attempt to minimize end effects as discussed below; this change had only a very small impact on the final Simulated annealing involves adding energy to a system structures. In order to make the computations more tractable, no explicit solvent and then gradually removing it in a process that can be was included, which has been suggested to be a reasonable approximation for thought of as imitating heating the system at some initial high modeling DNA (42 To escape what is likely to be a local minimum obtained following conjugate since it would effectively introduce the lesion every several gradient minimization, simulated annealing using the molecular dynamics base pairs in an infinitely extended helix in such a way that protocol was performed. Simulated annealing is identical to molecular nearby adducts might affect each other. As noted above, we dynamics except that the system is started at some initial annealing temperature have found that end effects are ameliorated somewhat by (T o ), after which the temperature is continuously and uniformly reduced to absolute zero. The higher temperature allows the structure to surmount energy termination of the backbones with hydrogens rather than barriers and climb out of local minima, while the slow annealing allows the hydroxyl or phosphate groups.
structure to explore regions of new conformational space and finally to settle
The effect of the length of the DNA helix on energy was into a new and lower local minimum. The 'annealing time' (t) is defined as assessed by comparing 10 annealings, each using the same set the total time for cooling. Since T o can be quite high, the hydrogen bonds are constrained using a force constant κ 2 , which was varied (see text).
of canonical parameters, for helices with 7, 9, 11 and 13 bp.
The procedure is completed following a final conjugate gradient run without
The results for both the average and the absolute minima are at each end. Finally, we lean toward comparing energies for n ϭ 5 (see below).
Results
Effects of the hydrogen bond constraints (κ 1 , κ 2 ) The performance of the simulated annealing protocol was Table II shows the effect of changing the base pairing, hydrogen evaluated as a function of the following six parameters: length bond constraint functions κ 1 and κ 2 on energy, where κ 1 was of the DNA helix, hydrogen bonding (base pair-associated) applied during the initial conjugate gradient minimization and constraint force constants κ 1 and κ 2 , the initial annealing κ 2 was applied during simulated annealing. Two approaches temperature T o , the annealing time t and the molecular dynamics were used: (i) κ 1 was held at its canonical value and κ 2 not time step τ. Extensive preliminary calculations, using different equal to κ 1 was employed during simulated annealing; (ii) κ 1 B[a]P-adducted DNA sequences in various conformations, was varied from its canonical value and the same value for κ 2 were carried out to obtain reasonable 'ballpark' values for was used for simulated annealing. (Note that these constraints these parameters. Since it is impractical to do a complete were released before the final conjugate gradient minimization matrix for all six parameters, five parameters were fixed at was performed.) Although the total energies had no regular 'canonical' quasi-optimal values, while one parameter was variation with respect to constraint strength, it does appear to varied. The canonical, values are a helix length of 7 bp, κ 1 ϭ be necessary to apply some constraint: when none are used κ 2 ϭ 300 kcal/mol/Å, T o ϭ 750 K, t ϭ 40 ps and τ ϭ 1 fs.
during both conjugate gradient and simulated annealing, the Considerations of the DNA helix resulting 7 bp energy was relatively low, but the corresponding 5 bp energy was high. More significantly, the resulting strucThe optimum length of the DNA helix was evaluated. Intuitively, the expectation is that placing the adduct in a relatively tures were significantly distorted, most notably with the forma- Where n is less than the helix length, the outermost base pairs have been removed and the energy is computed using the n center base pairs (see text). For example, the simulated annealing protocol was done on helices of 7, 9, 11 and 13 bp (as indicated) with the adduct on the central base pair; the 5 Base (n ϭ 5) entry was computed by removing 1, 2, 3 and 4 bp respectively at each end of each helix and computing the energy of the remaining 5 bp without further alteration of the structure. c The first numbers are the averages in kcal/mol for a series of 10 runs with the specified helix length. d The numbers in parentheses are standard deviations in kcal/mol. Helix energies as a function of bond constraint placed on the hydrogen bonds in a base pair applied during annealing time t (in picoseconds) for a 7 bp helix. The solid line gives the the initial conjugate gradient minimization and κ 2 is the hydrogen bond energy of the entire 7 bp helix, while the dashed line gives the 5 bp energy constraint applied during simulated annealing.
(n ϭ 5, see text) for the same helix with the two outer-most base pairs b See footnote b of Table I. removed. c Constraint applied to all base pairs except the one containing the adduct. tion of hydrogen bonds between adjacent base pairs (data lowered the total energy of the system without necessarily yielding an energetically improved position for the innermost not shown).
In addition, Table II shows results when every base pair base pairs and the adduct itself near the center of the duplex. Inspection of the resulting structures (data not shown) indicated except the one containing the adduct was constrained. The resulting energies tended to be higher on average, although that the positioning of the outermost 2 bp tended to become less B-DNA-like with time. Thus annealing times of~40-60 low enough so that this type of approach might be considered in some cases. Preliminary results (data not shown) suggest ps can yield high quality minima without the computational expense incurred by longer times. The curves in Figure 2 that the hydrogen bond constraints are most useful in the early stages of a run, when large structural changes are most likely appear 'bumpy', which reflects the random nature of the simulated annealing process. Finally, even though the lowest to occur. Thus, a possible idea for future study might be to have 'time-dependent' constraint forces that gradually decrease minimum for n ϭ 5 was for t ϭ 60 ps, there is no guarantee that this would yield the lowest minimum if any of the other during the course of the run, enabling greater freedom in the minimization search.
parameters were changed or if a different sequence context was used.
Effects of the annealing time (t) Effects of annealing temperature (T o )
The results in Figure 2 show the effects of annealing time, t, on energy. In many cases, final structures with very different Figure 3 shows that annealing temperature (T o ) in the range of~250-1000 K gave the lowest energy structures, with total energies for all base pairs in the helix had quite similar energies when the outer bases were removed. For a 7 bp helix, 750 K giving the best results here. Once again, however, the variation of energy in this range was unsystematic. For higher the base energies for n ϭ 5 and n ϭ 7 tend to decrease in parallel for annealing times up to~50 ps. However, for longer temperatures (i.e. ജ1000 K), the DNA helix was visibly distorted (data not shown), indicative of violent heating of the times, the energy for n ϭ 7 continues to decrease, while the energy for n ϭ 5 remains approximately constant (Figure 2; system. These results show that giving the system too much energy in an effort to locate new minima tends to send thẽϪ145 kcal/mol). This shows that prolonged annealing times mainly serve to reposition the outermost base pairs, which molecule into a higher energy state from which it cannot distinct conformations, as described below. These and other results indicate that there is no single set of simulated annealing parameters that can be termed 'optimal'. However, there do appear to be ranges for each parameter that are likely to give the best final structures. Furthermore, there appears to be a qualitative rationale for this range in many cases, as discussed above. Thus, the most sensible approach to search for low energy structures is to do a number of simulated annealings under varying conditions within the optimal range. This should maximize the chance of locating a structure at or close to the global minimum in a reasonable number of runs. The final structures remained largely B-DNA-like, except as noted above. Furthermore, in all cases the B[a]P moiety of the adduct remained in the minor groove pointing towards the 5Ј-side of the adducted strand, which is where it was placed initially based on the NMR results (21). The resulting minima were also quite stable. In some instances, we tried to further improve the energy of a 'final structure' by perturbing the position of the adduct and then subjecting the entire structure Most of the runs gave conformations that seemed to fall into classes of structures as defined by the values for the three most important dihedral angles that characterize the position Table III The lowest energy structure (δ, Figure 4 ) and second lowest b See footnote b of Table I. energy structure (β) have D 2 and D 3 dihedrals quite similar to the NMR-derived structure but differ in the glycosyl torsion angle. Structure α is higher in energy (~8-10 kcal/mol) but recover within the finite annealing time that must be used.
has all three dihedrals close to the NMR-based structure. The use of relatively low temperatures (Ͻ250 K) is also Examination of structures α, β and δ reveal that the differences undesirable since final energies are higher, presumably because in D 1 can be traced to changes in the backbone conformation. there is less kinetic energy available for escaping local minima.
For conformation α the furanose ring of the adducted base is Effects of the time step (τ) in a C3Ј-endo pucker more characteristic of A-DNA. The Table III shows how molecular energies are affected by varying corresponding region of the NMR structure is C2Ј-endo and the time step τ with a fixed number of steps (i.e. 40 000) at the backbone in the vicinity of the adduct is distorted such 750 K, which effectively varies the annealing time while that the glycosyl dihedral angle remains at a value more keeping CPU time fixed. Inferior results were obtained for appropriate for B-DNA. Conformation δ has a similar C3Ј-τ ϭ 0.5 fs, which corresponds to an annealing time of only endo pucker, which compensates for the change in glycosyl 20 ps (Table III) . Although the equations of motion are dihedral angle. In the case of structure β, the adducted furanose accurately integrated for this value of τ, the annealing time is has a C2Ј-endo conformation, but its backbone differs from that too short to obtain a high quality minimum. Values of τ of of B-DNA to produce the change in glycosyl dihedral angle. 1 fs or more yielded the lowest energy structures, with τ ϭ If structures α, β and δ are aligned (data not shown), the 1 fs giving the lowest in this case. It is interesting that adducted guanines are nearly identically positioned and pulled reasonable energies were obtained for τ as high as 3.0 fs, out towards the minor groove (~1.0 Å) in comparison with which is quite large in comparison with standard molecular classical B-DNA, although not as much as in the case of dynamics runs, but it should be noted that structures obtained the NMR structure (~1.5 Å). These observations suggest that with larger time steps tended to be distorted in a way that was the DNA backbone may be particularly flexible in the vicinity similar to what occured for higher annealing temperatures.
of the adducted base. Given that adduct-induced base wobble Structures has been put forward as a possible mutagenic mechanism (46), this adduct-induced deformation may have important The results presented in Figures 2-3 and Tables IϪIII represent Ͼ80 simulated annealing runs on the same initial structure.
implications. However, perhaps the most remarkable conclusion from these comparisons is that there are several conformaAlthough some of the final structures from different runs were closely related to each other there were indeed a number of tions where the guanine and B[a]P moieties of the adduct a Category of data. b Structures are as described in the text and include structures determined by NMR (from 21); by conjugate gradient minimization alone (CG) and by simulated annealing (αϪγϩ). c Lowest energy in kcal/mol for n ϭ 5 (see footnote c of Table I ) for a member of the given structural class. d Total number of structures obtained for given structure class. e Dihedral angle O4Ј-C1Ј-N9-C4 in degrees. f Dihedral angle N1-C2-N 2 -C10 in degrees. g Dihedral angle C2-N 2 -C10-C9 in degrees. h Interatomic pairs for which NOE constraints are available (from 21). This column provides information about which two interacting hydrogens are being considered. The two hydrogens are separated by a comma in each case. The DNA sequence involves: strand 1, 5Ј-C 1 C 2 A 3 T 4 C 5 G 6 C 7 T 8 A 9 C 10 C 11 ; strand 2, G 1 G 2 T 3 A 4 G 5 C 6 G 7 A 8 T 9 G 10 G 11 . The first number associated with any hydrogen refers to the DNA strand in which the hydrogen is found, while the second number refers to the residue in that strand in which the hydrogen is located. The third entry refers to what type of residue the hydrogen is attached, which can either be a guanine (G) or benzo[a]pyrene (BP) moiety. The final entry indicates the hydrogen number, which can be assessed based upon the information in Figure 1 . i Upper and lower bounds in Å for NOE constraint (from 21). j Distances in Å.
appear very similar and differ only via reasonably subtle high in energy but has been included in the table because the D 1 dihedral angle, as well as the furanose pucker and the compensating motions in the DNA backbone.
There are two classes of structures, denoted γ and γϩ, that backbone of the adducted base, is most similar to that of A-DNA. Finally, as might be expected, simple conjugate gradient share the same dihedral angles but differ from each other in the pucker of the saturated ring of the B[a]P moiety of the minimization gives a final structure that is most similar to canonical B-DNA, as measured by RMS deviation, although adduct. In most of the runs this pucker was initialized to agree with both a B[a]P tetraol X-ray crystallographic study and the its energy (n ϭ 5) is~15-30 kcal/mol higher than for the other structures. NMR constraints. Occasionally, this pucker would change during minimization, as happened for the γϩ structure, which Table IV shows some inter-hydrogen distances for all of the structures discussed above. These can be compared with is among the lowest energy conformations that were found. Interestingly, we explored the effect of changing pucker in the the distances estimated from NOE values obtained by NMR.
(The force field used for this study does not include non-polar initial structure for the B[a]P moiety of the adduct, but the lowest energy obtained in this manner was only Ϫ139 kcal/mol.
hydrogens except in the B[a]P moiety of the adduct, such that not all reported inter-hydrogen distances can be compared.) The γ structures, which are quite low in energy, appear to be similar to one described by Singh et al. (30) , which was Most of the inter-hydrogen distances are virtually identical in all cases. The simulated annealing conformations agree obtained in a molecular dynamics simulation that included explicit solvent. The member of this class that has the lowest reasonably well with the NMR constraints in most cases and disagree mostly only when the NMR structure determined by energy is shown in Figure 5 Table IV) for [ϩta]-B[a]P-N 2 -dG when studied by molecular dynamics simulated annealing using a 5Ј-CGC-3Ј DNA sequence context identical to that used in an NMR study (21). Table IV ) for [ϩta]-B[a]P-N 2 -dG when studied by molecular dynamics simulated annealing using a 5Ј-CGC-3Ј DNA sequence context identical to that used in an NMR study (21).
perhaps not surprising given that it was refined with the aid of working on problems for which empirical observations are of these constraints. We note that these differences are probably lacking; (ii) there are advantages to having a protocol that not significant given that NMR structures have an accuracy of does not always converge on the global minimum, especially only 1-2 Å (47).
since, ultimately, the reason for studying the structure of B[a]PDE adducts is to try and understand how these adducts Discussion cause mutations and there is no guarantee that the lowest energy conformation is actually responsible for mutations. In The simulated annealing protocol described herein provides a fact, blocking of DNA replication is usually the most significant reasonably simple method to obtain energy minima that are biological consequence of a bulky DNA adduct, as has been lower than obtained through simple minimization protocols, demonstrated in the case of [ϩta]-B[a]P-N 2 -Gua (discussed in such as conjugate gradient (Table IV) . By varying the para-48). The second most common outcome is actually no mutation, meters in a run, we obtained a significant number of different while in many cases adduct-induced mutations are merely the but related structures. Undoubtedly, a smaller number of third most common outcome. Thus, it could very well be that distinct structures would have been generated had we not mutations are induced from a conformation other than the ignored the available NMR constraints (21).
dominant one and molecular modeling may represent one of In fact, the NMR constraints were ignored for two reasons: the only techniques available to approach what the relevant (i) it was valuable to determine whether an unconstrained approach could generate reasonable structures in anticipation conformation(s) might be. In this regard, it is imperative to apply this procedure in the various contexts in which B[a]PDE reasonableness of different conformations we have utilized an algorithm (simulated annealing) meant to mimic the physical adducts have been shown to yield distinct biological outcomes, e.g. in random and site-specific mutagenic investigations.
behavior of a biomolecule as it finds its energetically preferred conformation. We have evaluated six parameters, which define Through computer modeling it may be possible to match a specific adduct conformation with a given mutagenic pattern.
the annealing process, to determine how it can be implemented most effectively. The best structures, when evaluated both The simulated annealing procedure did indeed give structures with different conformations, although they tended to be energetically and by inspection, were derived using parameters near the following values: helix length ϭ 7 bp, κ 1 ™ 300 kcal/ associated with relatively small energy differences, such as those involving changes in sugar puckers and base stacking. mol/Å, κ 2 ™ 300 kcal/mol/Å, T o ™ 750 K, t ™ 40 ps or longer and τ ™ 1 fs. The use of much higher annealing temperatures However, no major changes in the position of the adduct were observed, such as movement of the B[a]P moiety in the minor and/or larger time steps tends to yield structures that differ the most from the starting conformation, but do not give low groove to point toward the base on the 3Ј-side of the adduct. This may reflect: (i) that our initial conformation (i.e. with the energy minima during the annealing times explored here. We also favor comparing the energies of structures for only B[a]P moiety in the minor groove pointing toward the base on the 5Ј-side) is considerably lower in energy than other the five innermost base pairs (i.e. n ϭ 5). The performance of the method varies somewhat randomly with respect to variables major conformational classes; (ii) that large energy barriers cannot be traversed. The latter seems likely given that only such as annealing temperature and time. It is therefore necessary to make a number of annealing runs in order to achieve the activation barriers of~kT o are readily overcome; this amounts to~3 kcal/mol for our highest annealing temperatures (i.e. best results. However, this randomness is desirable, since it yields a number of distinct but related and interesting local 1500 K) and more typically is~1.5 kcal/mol for the majority of the runs.
energy minima. The ability of simulated annealing to produce molecular conformations that are both low in energy and In principle, several approaches could be taken to search for more distantly related conformations. One could increase structurally realistic when compared with a structure based on NMR data means that it can be applied with some confidence the annealing temperature and, thus, the height of the energy barriers that can be crossed, although as noted above, higher to DNA sequences for which structural data is non-existent, but for which the mutagenic potential of the adduct is well temperatures tend to distort the DNA unrealistically. The approach that we are taking to overcome this problem is to characterized. In this way, computer modeling can be employed to gain insight into the mutagenic mechanisms of B[a]PDE. first identify a number of 'prototype' structures, which are likely separated from each other by large energy barriers, and then to optimize the energy of each of these prototypes. Clearly,under development which extend the ideas of simulated what mutation and why. To investigate the properties and
